Rationale Wheel running attenuates nicotine-seeking in male adolescent rats; however, it is not known if this effect extends to females. Objective To determine if wheel running during abstinence would differentially attenuate subsequent nicotine-seeking in male and female rats that had extended access to nicotine selfadministration during adolescence. Methods Male (n =49) and female (n =43) adolescent rats self-administered saline or nicotine (5 μg/kg) under an extended access (23-h) paradigm. Following the last selfadministration session, rats were moved to polycarbonate cages for an abstinence period where they either had access to a locked or unlocked running wheel for 2 h/day. Subsequently, nicotine-seeking was examined under a withinsession extinction/cue-induced reinstatement paradigm. Due to low levels of nicotine-seeking in females in both wheel groups, additional groups were included that were housed without access to a running wheel during abstinence. Results Females self-administered more nicotine as compared to males; however, within males and females, intake did not differ between groups prior to wheel assignment. Compared to saline controls, males and females that selfadministered nicotine showed a significant increase in drugseeking during extinction. Wheel running during abstinence attenuated nicotine-seeking during extinction in males. In females, access to either locked or unlocked wheels attenuated nicotine-seeking during extinction. While responding was reinstated by cues in both males and females, levels were modest and not significantly affected by exercise in this adolescent-onset model. Conclusions While wheel running reduced subsequent nicotine-seeking in males, access to a wheel, either locked or unlocked, was sufficient to suppress nicotine-seeking in females.
Introduction
Disease brought on by cigarette smoking is a major health concern worldwide accounting for approximately 5 million deaths each year (World Health Organization 2009) . Although the rate of cigarette smoking has decreased over the last decade, rates have remained high in younger populations. In the United States, approximately 10 % of youth (age 12-17) and 34 % of young adults (age 18-25) are current smokers (Substance Abuse and Mental Health Services 2011) . This is concerning because people who begin smoking early in life have greater difficulty with quit attempts and are more likely to be heavy smokers in adulthood (Breslau and Peterson 1996) . Despite the fact that more men than women are current smokers, smoking rates among adolescent boys and girls do not differ (SAMHSA 2011) . Female smokers are at a greater risk for smoking-related diseases and have more difficulty quitting smoking as compared to male smokers (Perkins et al. 1999) . Physiological predispositions to nicotine dependence and inability to quit may be further impacted by psychosocial factors to control appetite in teens (Klesges et al. 1997; Boles and Johnson 2001; Cavallo et al. 2010) . Preclinical studies also suggest an enhanced vulnerability to nicotine addiction in females and adolescent animals (Donny et al. 2000; Lynch 2009; Torres et al. 2008; Torres et al. 2009 ), suggesting that their use may be suitable for addressing the biological basis of these vulnerabilities without the influence of social factors, as well as for determining potential sexspecific interventions.
Since nicotine is the primary addictive component in tobacco products, most currently available therapies either replace nicotine or partially mimic its actions on nicotinic acetylcholine receptors. The use of such pharmacological interventions in adolescents is controversial due to ongoing neurodevelopment, and there are currently no FDA approved treatments for people under the age of 18 (Kaplan and Ivanov 2011) . Thus, non-pharmacological therapies, such as exercise, would be ideal for treatment of nicotine addiction in the vulnerable adolescent population. Previous work in both humans and animal models suggests that exercise may be an effective cessation aid. For example, in adult smokers, exercise during abstinence has been found to acutely reduce craving, desire to smoke, and withdrawal symptoms (Taylor et al. 2007 ; for review see Roberts et al. 2012; Haasova et al. 2013) . Similarly, in animal models, wheel running has been found to slow the initiation of cocaine use, decrease intake, and attenuate cocaine-seeking (Cosgrove et al. 2002; Smith et al. 2008; Lynch et al. 2010; Zlebnik et al. 2010; Miller et al. 2011; Smith and Pitts 2011; Zlebnik et al. 2012) . We recently demonstrated that voluntary wheel running during an abstinence period effectively reduced subsequent nicotine-seeking in males that began nicotine selfadministration during adolescence (Sanchez et al. 2013 ). Further work is necessary to determine potential sex differences in the effect of exercise during abstinence in preventing subsequent drug relapse, particularly for nicotine addiction.
The purpose of this study was to determine if wheel running during abstinence would attenuate subsequent drug-seeking in an adolescent-onset model of nicotine addiction in male and female rats and determine if its efficacy varies between the sexes. An extended access (23-h) self-administration paradigm was used to model human nicotine consumption and addiction. This self-administration paradigm has previously been found to result in nicotine intake that is comparable to the average daily intake observed in humans and lead to nicotine dependence (Valentine et al. 1997; O'Dell and Koob 2007) . In addition, this paradigm has been found to induce robust nicotine-seeking in adolescent and adult male rats following a prolonged (i.e., 7 or 10 days), but not short (i.e., 1 h), abstinence period (Abdolahi et al. 2010; Sanchez et al. 2013) . To assess the potential of exercise to prevent nicotine-seeking, rats were permitted to exercise in a running wheel during a prolonged abstinence period and their behavior was subsequently examined under a within-session extinction/reinstatement paradigm to test the effects of exercise on relapse vulnerability. Adolescent females have been shown to acquire nicotine self-administration faster and to be more motivated to self-administer nicotine than adolescent males under low nicotine dose conditions (i.e., 5 μg/kg; Lynch 2009). Thus, we hypothesized that females would self-administer more nicotine subsequently leading to greater levels of nicotine-seeking as compared to males. Based on previous data collected from our laboratory on the effect of wheel running in adolescent males (Sanchez et al. 2013 ) and others demonstrating heightened female sensitivity to the effects of wheel running as an alternative nondrug reward (Cosgrove et al. 2002) , we hypothesized that exercise would attenuate subsequent nicotine-seeking in both sexes with a greater treatment effect in females.
Materials and methods

Subjects
Male (n = 49) and female (n = 43) Sprague-Dawley rats (Charles River Laboratories, Portage, ME, USA) were weaned and shipped on postnatal day 21 and arrived at the laboratory on postnatal day 22. Upon arrival, rats were housed individually in self-administration chambers with ad libitum access to food and water and were maintained on a 12-h light/ dark cycle. Results from a subset of the male rats (n =29) were published as part of another study (Sanchez et al. 2013 ) with an additional 20 males added for the present study. No differences were observed between the two cohorts of male rats in any of the measures examined (rates of acquisition and levels of nicotine self-administration, wheel running, and nicotineseeking). To ensure rapid acquisition of self-administration during the short period of adolescence, prior to surgery all rats were briefly trained to respond on the active lever under a fixed ratio 1 schedule for sucrose pellets (45 mg) using methods previously described (Lynch 2008) . These sessions were 24 h in length beginning on postnatal day 25 and were terminated after 2 days of responding for 50 or more deliveries, which on average took about 4 days. Rats were weighed every other day and general health was monitored daily. The Animal Care and Use Committee at the University of Virginia approved all procedures.
Apparatus
Individual 31 × 24 × 21 cm self-administration chambers (ENV-008CT; Med Associates, St. Albans, VT, USA) were equipped with a house light (4.76 W), water bottle holder, food-hopper, counterbalanced metal tether, retractable active (drug-associated) lever, a light (4.74 W) above the active lever, and a stationary inactive lever. Each chamber was centered within a sound-attenuating box (ENV-018 M; Med Associates) along with a pump (PHM-100; Med Associates) containing a drug syringe. The house light was illuminated from 0700 to 1900 daily.
Drug
Nicotine bitartrate (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9 % sterile saline (pH 7.4) and delivered at a concentration of 5 μg/kg/infusion at a rate of 0.1 ml/s. The dose is expressed as the free base weight. Infusion duration was based on each individual's weight, which was adjusted 3 times/ week. Nicotine solution was stored in the dark at 4°C but was available at room temperature during self-administration.
Surgery
Rats underwent surgery on postnatal day 28 to allow intravenous (i.v.) self-administration of nicotine or saline as described previously (Lynch 2009 ). Rats were given ketoprofen (2-5 mg/kg, subcutaneous) and gentamicin (5.5 mg/kg, i.v.) on the day of surgery and for the 2 subsequent days. To assess and help maintain patency, the catheter was flushed every other day with heparinized saline prior to daily sessions. This method allows the experimenter to easily monitor patency of the catheter without significantly impairing rats during prolonged self-administration sessions.
Nicotine self-administration
The self-administration methods were described in detail previously in Sanchez et al. (2013) . Briefly, rats were initially trained to self-administer nicotine (male, n =20; female, n = 17) or saline (male, n =21; female, n =18) under restricted access conditions (20 infusions maximum/day) to reduce variability in intake prior to extended access self-administration. These sessions were almost 24 h in duration (sessions began at 1200 and ended at 1150 the next day) and were conducted over five daily sessions beginning on postnatal day 30. The dose of nicotine (5 μg/kg) was selected based on previous work demonstrating robust nicotine-seeking following extended access self-administration in males (Sanchez et al. 2013 ) and sex differences in acquisition and motivation for nicotine self-administration in adolescents at this dose (Lynch 2009) . At the beginning of each session, the active lever was presented into the chamber and responses on it were reinforced under a fixed ratio 1 schedule. Infusions were paired with illumination of the active lever light and the sound of the pump for the duration, and thus served as discrete cues associated with drug delivery. The active lever was retracted from the self-administration chamber at either 1150 or once a maximum of 20 infusions had been obtained. Acquisition of nicotine self-administration was defined as 2 consecutive days of 20 infusions with a 2:1 preference of the active lever over the inactive lever. A 10-day extended access selfadministration period began following the fifth training session (on postnatal day 35). There was no limit on number of infusions obtained during these extended access 23-h fixed ratio 1 sessions (sessions began at 1200). Access was again restricted on postnatal days 45 and 46, to 20 infusions/session to equate nicotine intake between groups prior to abstinence.
Experiment 1
Wheel running during abstinence
After the last day of self-administration (postnatal day 47), rats were moved to polycarbonate cages with a wheel attachment (diameter, 35.6 cm; Med Associates) for a 10-day abstinence period. A prolonged duration of abstinence was selected based on a previous report demonstrating that nicotine-seeking increases, or incubates, over an abstinence period with high levels achieved after 7 days (Abdolahi et al. 2010 ). We have also previously shown in male rats that following 10 days of abstinence, levels of nicotine-seeking are relatively high and that wheel running during abstinence decreases these levels (Sanchez et al. 2013) . Rats were randomly assigned to either an unlocked wheel that could freely rotate (male: saline, n = 11; nicotine, n =10; female: saline, n =9; nicotine, n =9) or a locked wheel that was stationary (male: saline, n =11; nicotine, n =10; female: saline, n =9; nicotine, n =9). A metal gate, that separated the polycarbonate cage from the wheel, regulated access to the wheel. The gate was manually lifted by the experimenter each day at 1000 and lowered following 2 h (1200). A 2-h exercise session was selected based on our previous results with males demonstrating that this level access during abstinence was sufficient to reduce subsequent nicotine-seeking (Sanchez et al. 2013) . During the 2-h sessions, rats were free to move between the wheel and their polycarbonate cage. Revolutions completed during each unlocked wheel session were recorded daily.
Extinction/reinstatement
Following the last wheel session, rats were placed back into their previous self-administration chambers to allow for habituation prior to extinction/reinstatement testing. Testing began the next morning (postnatal day 57) under a withinsession extinction/reinstatement paradigm using previously described methods (Abdolahi et al. 2010) . Briefly, animals underwent a minimum of five extinction sessions, each lasting 1 h and separated by a 5-min timeout period, in which a response on the active lever had no programmed consequence. Most animals met the extinction criterion (i.e., fewer than 15 responses) within five sessions, although five out of 76 animals did require a sixth session to extinguish responding. Following the last extinction session, a 1-h reinstatement session began with the presentation of the cues formerly associated with an infusion and all subsequent responses on the active lever resulted in the presentation of these cues. This paradigm has been previously been used by our group to assess nicotine-seeking in adolescent and adult rats following extended access nicotine self-administration (Sanchez et al. 2013; Abdolahi et al. 2010 ).
Experiment 2
In order to examine the potential effects of the presence of the wheel itself on subsequent nicotine-seeking, we included additional groups of males (n =8) and females (n =8) housed in polycarbonate cages without access to running wheels during abstinence. These groups were included based on results from pilot studies demonstrating that in females, but not males, levels of responding during extinction and reinstatement were low in both wheel-condition groups. This finding was unexpected since females have been shown to exhibit higher levels of motivation to obtain nicotine infusions as compared to males (Donny et al. 2000) , and acquire nicotine selfadministration more readily than males (Lynch 2009 ). Females have also been found to display more robust drugseeking behavior than males following abstinence from other drugs of abuse (Kerstetter et al. 2008 ). Thus, we hypothesized that females are sensitive to the attenuating effects provided by the presence of the wheel itself. To test this hypothesis, additional males and females were tested under the same selfadministration procedure as described above in Experiment 1; however, following self-administration, they were moved to polycarbonate cages without wheel attachments for the 10-day abstinence period. Nicotine-seeking was assessed under the same within-session extinction/reinstatement paradigm as described above.
Data analysis
All data are presented as mean±standard error of mean (SEM). Data analysis for Experiment 1 was performed in locked and unlocked wheel groups for males and females. For Experiment 2 data analysis, the no wheel condition was compared to the locked and unlocked wheel conditions. Repeated measures analysis of variance (ANOVA) was used to analyze group and sex differences in extended access selfadministration ( Fig. 1) , lever responses during extinction sessions (Fig. 3) , and to compare responding during the last extinction session to responding during the reinstatement session ( Fig. 5) with sex, drug, and wheel-condition as between subject factors and day or session as the within subject factors. Repeated-measures ANOVA was also used to analyze wheel running during abstinence (Fig. 2) and the average distance run during the first 3 days as compared to the last 3 days (Fig. 3 ) with sex and drug as between subject factors and day as the within subject factor. Subsequent repeated-measures ANOVAs within each drug condition (Figs. 1 and 3) and sex (Figs. 3 and 5) were used to further elucidate the sex difference in self-administration and extinction responding and the effect of wheel condition on extinction and reinstatement responding. Univariate analyses were used to analyze total responding during extinction (Fig. 4) , number of sessions to reach extinction criteria, and inactive lever responding during extinction and reinstatement with sex, drug, and wheel condition as between subject factors. Due to our predicted hypothesis that females would self-administer more nicotine than males, a one-tailed t-test was used to compare nicotine intake between male and female no wheel groups during extended access. Post-hoc comparisons were performed using onetailed t-tests to compare total extinction responding between wheel groups based on our predicted hypothesis that the locked wheel condition and/or no wheel access would lead to greater nicotine-seeking than the unlocked wheel condition. Pearson correlations were used to determine associations between distance run during abstinence and nicotine intake, total extinction responding, and responding during reinstatement. Statistical analyses were performed using SPSS (version 20) and alpha was set to 0.05 for all tests.
Results
Experiment 1
Sex differences in nicotine self-administration
Under 23-h extended access conditions, both male and female rats self-administered significantly more nicotine infusions than saline infusions (overall effect of drug, F 1,67 =71.21, p <0.001; Fig. 1a) . Although no differences were observed among saline controls, within nicotine groups there was a significant effect of sex (F 1, 33 =7.650, p <0.05), but a non-significant trend for the effect of day (p =0.07) and no interaction of day by sex, indicating that while females took more nicotine than males, the pattern of intake across sessions was similar between the sexes particularly during the first 7 days of extended access. Interestingly, however, there was a notable decrease in responding for nicotine during the last 3 days of access (postnatal days 42-44) in the female group. Overall, no significant effect of wheel-condition was observed in observed in saline or nicotine (Fig. 1b) , indicating that prior to abstinence and subsequent extinction/reinstatement testing, intake was similar between the locked and unlocked wheel groups.
Sex differences in wheel running during abstinence
Female rats ran more than their male counterparts during the daily 2-h sessions (overall effect of sex, F 1, 35 =40.35, p < 0.001; Fig. 2 ). We also observed significant effects of day (F 9, 315 =8.73, p <0.001) and day by sex (F 9, 315 =3.14, p <0.01) indicating that wheel running increased differently between males and females over time. While analysis within each sex revealed a significant effect of day for both males and females, this effect in males appeared to be due to a difference from the first day to the last day rather than a consistent increase over time. In fact, when this day was excluded the day effect was no longer significant in males but was retained in females. Furthermore, an analysis of the first 3 days to the last 3 days revealed significant effects of sex (F 1,35 =44.20, p <0.001), Fig. 1 Adolescent females self-administer more nicotine than males under extended access conditions. a Average (mean±SEM) number of infusions self-administered during 10-day extended access sessions for nicotine (black symbols) and saline (white symbols) in male (squares) and female (circles) groups. Asterisk indicates significant (*p <0.05) difference in number of infusions between nicotine (male, n =20; female, n =17) and saline (male, n =21; female, n =18) groups. b Average daily nicotine intake (mean±SEM) for male (locked, n =10; unlocked n =10) and female (locked, n =8; unlocked, n =9) groups. Asterisk indicates significant difference in average daily intake between males and females (*p <0.05) Fig. 2 Females run further and escalate their running to a greater extent than males. Average (mean±SEM) daily distance run during abstinence for females (saline, n =9; nicotine, n =9) and males (saline, n =11; nicotine, n =10) in the unlocked wheel condition is plotted. Average distance run of the first 3 days and the last 3 days are indicated by the dotted lines. Asterisks indicate significant difference in distance run between males and females and significant increase in average daily distance run during the last 3 days as compared to the first 3 days in females (***p <0.001) Fig. 3 Nicotine self-administration during adolescence followed by an abstinence period leads to robust nicotine-seeking during extinction. Average active lever responses during each of the five extinction sessions are plotted for males (a saline, c nicotine) and females (b saline, d nicotine) and for the locked (gray circles) and unlocked (black circles) wheel conditions. In panels c and d, the extinction responding for the no wheel groups (white circles) from experiment 2 are also plotted for comparison. Asterisks indicate significantly more active lever responding during extinction in nicotine males (c) and females (d) as compared to saline controls (a and b, respectively; **p <0.01, *p <0.01) day (F 1,35 =17.90, p <0.001), and day by sex (F 1,35 =7.70, p < 0.01) indicating that females increased their running (F 1,16 = 15.15, p <0.01) while males did not. Although levels of wheel running appeared higher in the nicotine groups as compared to saline groups, particularly within females, the level of variability was relatively high, and no significant effects of drug or drug by sex were observed. No correlation was found between distance run during abstinence and infusions during extended access.
Sex differences in the effect of wheel running during abstinence on subsequent nicotine-seeking during extinction and reinstatement Prior nicotine self-administration led to significantly more active lever responding during extinction sessions than did prior saline self-administration (effect of drug, F 1, 68 =48.08, p <0.001; Fig. 3 ) indicating that adolescent-onset nicotine self-administration led to robust drug-seeking. Within the saline controls, there was a significant effect of session (F 4, 140 =3.53, p <0.01), with the greatest number of responses in the first session as compared to later sessions. There was also a trend for an effect of sex (p =0.058), with females tending to have higher levels of responding as compared to males.
Within the nicotine animals, higher responding was again observed during the first session as compared to later sessions (effect of session, F 4, 132 =7.58, p <0.001), but there was a similar pattern of responding in males and females. Although an overall effect of sex was not found in the nicotine animals, a significant sex by wheel condition was observed (F 1,33 = 5.414, p <0.05). Within the nicotine males, there was a significant effect of wheel condition (F 1,18 =9.21, p <0.01) with those in the locked wheel condition displaying higher levels of responding than those in the unlocked wheel condition (Figs. 3 and 4) . However, in the nicotine females, there was no difference in responses between the wheel conditions; both groups showed low levels of responding which were statistically similar to males in the wheel condition. There were no associations between the distance run during abstinence and the number of active lever responses during extinction. Inactive lever responding during extinction sessions was significantly higher in nicotine groups (F 1,68 =15.92, p <0.001) as compared to saline groups; however, no effects of sex or wheel condition were observed. Inactive lever responding in saline males under the locked and unlocked wheel condition was 6.00±3.05 and 6.27±3.07, respectively, and in saline females in these same conditions was 2.5±1.15 and 4.67±2.09. Inactive responding in nicotine males under the locked and unlocked wheel condition was 15.9±3.14 and 13.7±4.59, respectively, and in nicotine females in these same conditions was 14.5±3.84 and 8.33 ±2.30.
Nicotine animals also took significantly longer to extinguish responding as compared to saline controls (F 1,68 =19.615, p < 0.001). Specifically, the average number of sessions to reach the extinction criterion (i.e., fewer than 15 active lever responses) for nicotine males in the locked and unlocked wheel condition was 3.67±0.62 and 3.13±0.74, respectively, as compared to 1.3±0.24 and 1.55±0.44 for saline males in these same conditions. The average number of sessions to reach the extinction criterion for nicotine females was 3.00±0.74 and 2.22 ±0.28 in the locked and unlocked wheel conditions, respectively as compared to 1.67±0.33 and 1.56±0.44 for saline females in these same conditions. No effects of wheel condition or sex were observed on rates of extinction. However, the average number of extinction sessions run did not differ between groups as the majority of animals (71 out of 76) in all groups met the extinction criterion by the fifth session.
Prior nicotine self-administration also led to significantly higher levels of cue-induced reinstatement than did saline self-administration (overall effect of drug, F 1,68 =23.52, p < 0.001). Within nicotine animals, there was a significant session effect (F 1,33 =27.14, p <0.001) with all groups significantly increasing their responding during reinstatement from the last extinction session; however, no effect of wheel condition or sex was observed. Within saline controls, a sex difference was observed due to higher levels of reinstatement responding within females (effect of sex, F 1,35 =5.75, p <0.05) but only a Fig. 4 Total active lever responses (mean±SEM) during the first five extinction sessions for males (n =8, n =10, n =10) and females (n =8, n = 8, n =9) for the no wheel, locked, and unlocked groups are displayed. Asterisk indicates significant difference from no wheel and locked wheel groups in males (*p <0.05) and number sign indicates significant difference from no wheel group in females ( # p <0.05) trend for a difference was observed between the last extinction session and the reinstatement session, and again there was no effect of wheel condition. There were no associations between distance run during abstinence and active lever responses during reinstatement. Similar to inactive lever responding during extinction, inactive lever responding during reinstatement was significantly higher in nicotine as compared to saline groups (F 1,68 =7.65, p <0.01) and there were no effects of sex or wheel condition. Inactive lever responding during reinstatement in saline males were 0±0 and 1.82±0.96 and in females 0.44± 0.34 and 0.78±0.57 in the locked and unlocked wheel groups, respectively. Inactive lever responding during reinstatement in nicotine males were 1.1±0.64 and 2.9±1.91 and in females were 4.38±1.46 and 4.44±2.68 in the locked and unlocked wheel groups, respectively.
Initially, weights were similar among males and females (88.9±1.7 vs. 84.9±1.3g) at the start of the experiment, respectively); however, by the end of the experiment males weighed significantly more than females (285.5±5.1 vs. 212.4±3.2 g, respectively; sex effect F 1,57 =150.789, p < 0.001). No effect of wheel condition was observed for either sex, but by the end of the experiment, saline males weighed significantly more than nicotine males (297.8±5.9 vs. 276.4± 7.2 g, respectively; drug effect, F 1,28 =7.468, p <0.05).
Experiment 2
Nicotine-seeking during extinction is attenuated by both wheel conditions in females but not males Prior to abstinence, males and females without access to a running wheel during abstinence (no wheel) did not differ from their locked and unlocked wheel counterparts in nicotine intake during extended access (males, 0.26±0.05 mg/kg; females, 0.47±0.08 mg/kg) and again a significant effect of sex was observed (F 1,47 =8.385, p <0.01). Average daily intake was significantly greater in females in the no wheel condition as compared to males (t 14 =4.854, p <0.05). A significant effect of wheel condition was observed in total extinction responding (F 1,47 =5.317, p <0.01; Fig. 4) . Although significant effects of sex and sex by wheel condition were not observed overall, planned analysis within each sex revealed interesting differences in the effects of wheel condition. Within males, a significant effect of wheel condition was again observed for total active lever responding during extinction sessions (F 2,25 =6.418, p <0.05). Males in the no wheel condition did not differ significantly from those in the locked wheel condition in active lever responding during extinction and they displayed significantly greater responding than males in the locked wheel condition (t 16 =4.112, p <0.05). The females in the no wheel group did, however, show significantly elevated nicotine-seeking during extinction sessions (effect of wheel condition, F 2,22 =3.88, p <0.05; Fig. 4 ) as compared to the locked or unlocked wheel condition female groups (locked vs. no wheel, t 14 =3.968, p <0.05; unlocked vs. no wheel, t 15 =4.482, p <0.05; Fig. 4) . In fact, levels of extinction responding were not different from those observed in males that were in the locked wheel condition during abstinence. As in Experiment 1, a significant increase in responding was observed in the reinstatement session as compared to the last extinction session (session effect, F 1,47 =37.240, p <0.001) and no significant effect of wheel condition was observed. However, with the addition of the no wheel groups, a significant effect of sex emerged (F 1,47 =4.633, p <0.05) due to higher levels of reinstatement in the no wheel females compared to the no wheel males (t 14 =2.177, p <0.05; Fig. 5 ).
Discussion
The goal of the present study was to determine if there are sex differences in the effect of wheel running during abstinence on subsequent nicotine-seeking. As was anticipated based on our previous findings (Sanchez et al. 2013) , we observed robust Fig. 5 Total active lever responses (mean±SEM) during the last extinction session (Last Ext.) and reinstatement session (Rein.) are plotted for saline males (a) and females (b) and nicotine males (c) and females (d). Locked, unlocked, and no wheel (Experiment 2) groups are portrayed by gray, black, and white bars, respectively. Asterisk indicates a significantly greater responding during reinstatement as compared to the last extinction session (***p <0.001) levels of nicotine-seeking during extinction in males under the locked and no wheel conditions, and these levels were markedly reduced by running under the unlocked wheel condition. Surprisingly, in females, levels of nicotine-seeking during extinction were low under both wheel conditions, locked and unlocked, with levels comparable to those observed in males tested under the unlocked wheel condition. Females in the no wheel condition, however, showed high levels of nicotine-seeking during extinction that were similar to males without access to wheel or with a locked wheel access. Levels of nicotine-seeking in these females were also higher than either of the female wheel groups. Thus, while wheel running during abstinence effectively reduced subsequent nicotineseeking in males, the presence of the wheel was sufficient to reduce nicotine-seeking in females.
Although environmental enrichment is one possible mechanism to account for the lower levels of nicotine-seeking during extinction in females under both wheel conditions (Chauvet et al. 2009 ), another possibility is that the locked wheel condition permits physical activity within the wheel and thus also functions as an exercise condition. While the locked wheel condition is an important control for environmental enrichment, animals are still able to be quite active within the wheel (e.g., climbing and hanging; Koteja et al. 1999) . Females have been shown to be more active than males (Hitchcock 1925; Elkelboom and Mills 1988; Smith et al. , 2012 , and here we also showed that females ran greater distances in the unlocked wheel condition as compared to males. As such, females may have been more active in the locked wheel as well and thus may have been more sensitive to this alternative form of exercise within the wheel as compared to males. This finding may also suggest that non-aerobic exercise could benefit females but not males. Further studies using photocells or video tracking to directly monitor activity within wheels are needed to dissociate the effects of environmental enrichment versus exercise on nicotine-seeking in females. It is also possible that the sucrose active lever training used in this study differentially affected subsequent active lever responding for nicotine between males and females. Further research investigating the impact of sucrose pretraining on subsequent drug-seeking in adolescents and potential sex differences for this effect is needed.
Consistent with our hypothesis, adolescent females selfadministered significantly more nicotine under 23-h unlimited access conditions as compared to males. Although the present study is the first preclinical study to demonstrate sex differences in nicotine self-administration under extended access conditions, previous work from our laboratory has demonstrated an increased sensitivity to the positive reinforcing effects of nicotine in adolescent females with higher rates of initiation and levels of motivation to self-administer nicotine as compared to adolescent males under the same low dose condition used in the present study (Lynch 2009 ).
Interestingly, this increased motivation was found beginning on postnatal day 43 under a progressive ratio schedule and in the present study we found that as a group, females decreased the number of responses for nicotine under a fixed ratio schedule during the last 3 days of self-administration corresponding to postnatal days 42-44. Thus, the decrease in responding observed here might have been due to an increased sensitivity to the positive reinforcing effects of nicotine at this later stage of adolescence. Further research is needed to directly examine this possibility. Similar to findings in adolescents, adult female rats have also been shown to acquire nicotine self-administration faster (at low doses), achieve higher breakpoints under progressive ratio conditions, and have shorter latencies to first response during both fixed ratio and progressive ratio conditions as compared to males (Donny et al. 2000) . Nonetheless, some studies have failed to find a sex difference in adolescent and adult nicotine selfadministration under fixed ratio conditions (Chen et al. 2007; Levin et al. 2011; Feltenstein et al. 2012; Li et al. 2012) . However, these studies used short-access paradigms (1-2 h/session) and/or higher doses of nicotine than used in the present study, which may account for the discrepancy with our findings. Notably, Chen et al. (2007) used the same extended access paradigm in adolescent rats and failed to observe sex differences likely due to the use of higher nicotine doses (i.e., 7.5, 15, 30, and 60 μg/kg), which may obscure individual differences (Donny et al. 2000; Lynch 2006 Lynch , 2009 . Li et al. (2012) did, however, find that under progressive ratio conditions adolescent female rats responded significantly more than adolescent male rats. Also, Levin et al. (2011) found that although females did not self-administer more initially, their responding for nicotine persisted longer than that of males. Thus, it appears that adolescent and adult females may be more vulnerable than males to the positive reinforcing effects of nicotine.
In contrast to our hypothesis, females did not display greater nicotine-seeking following a prolonged abstinence period as compared to males. Psychostimulant drugs such as nicotine and cocaine are known to incubate over an abstinence period (i.e., drug-seeking increases with longer abstinence periods; Grimm et al. 2001; Lu et al. 2004; Abdolahi et al. 2010) , and there is evidence that there are sex differences in this incubation effect for cocaine with females displaying greater levels of cocaine-seeking than males following prolonged abstinence (Kerstetter et al. 2008) . Although, no studies have directly examined sex differences in the incubation effect of nicotine-seeking, our findings here as well as recent findings from others suggests that sex differences in drug-seeking following a prolonged drug abstinence period do not extend to nicotine (Feltenstein et al. 2012) .
Also, in contrast to our hypothesis, we did not find an effect of exercise on cue-induced reinstatement in either males or females. Although nicotine self-administration followed by prolonged abstinence did lead to a significant increase in responding during cue-induced reinstatement, this effect was modest and, as was reported previously in males (Sanchez et al. 2013) , highly variable. The modest levels of cue-induced nicotine-seeking observed here are likely due to the age of the animals in this study. Compared to adults, adolescent rodents show attenuated neurochemical adaptations during withdrawal from nicotine (Natividad et al. 2010; Natividad et al. 2012; Tejeda et al. 2012) . Adolescent animals also do not have complete development of critical brain regions, such as the prefrontal cortex (Geidd 2004; Counotte et al. 2011) , that are known to be important for cue-induced reinstatement (Koya et al. 2009 ). Others have similarly reported modest levels of cue-induced cocaine-seeking in adolescent rats as compared to adults and other types of reinstatement within adolescents (i.e., stressor led or cocaine primed; Anker and Carroll 2010). Thus, the low level of reinstatement observed here in this adolescent-onset model of nicotine addiction may have created a floor effect for which the effects of exercise could not be determined. Further studies are needed to determine if other reinstatement paradigms (e.g., nicotine or stress induced reinstatement) would be more robust and thus a better tool to examine the effects of exercise.
Our findings are consistent with previous reports that demonstrate a significant attenuation of drug-seeking when wheel running was available concurrently with cocaine extinction and reinstatement procedures (Zlebnik et al. 2010) or during abstinence from cocaine or nicotine prior to extinction and reinstatement Sanchez et al. 2013 ). Although in humans, the data are equivocal for its long-term efficacy (Ussher et al. 2012) , studies suggest that exercise may be an effective therapeutic for smoking cessation. Two recent meta-analyses of the literature found that exercise acutely attenuates the desire to smoke as well as tobacco withdrawal symptoms (Roberts et al. 2012; Haasova et al. 2013) . There is also some evidence that the effects of exercise extend to adolescents with results from a few studies demonstrating that the addition of an exercise component to behavioral treatment programs effectively reduces rates of smoking in adolescents (Werch et al. 2005; Horn et al. 2011; Horn et al. 2013) . In an interesting parallel to our rodent studies, girls benefitted from after-school enrichment programs whereas boys only showed a reduction in smoking behavior when the program had an exercise component (Horn et al. 2011) . Our preclinical findings suggest that these differences may be due in part to biological mechanisms.
In summary, wheel running during abstinence attenuated subsequent nicotine-seeking in male and female rats that began self-administration during adolescence. Given that most adult smokers initiate use during adolescence our results support the notion that exercise may be an effective smoking cessation aid in this vulnerable population. Sex differences were observed in sensitivity to the locked wheel condition either by functioning as an environmental enrichment or an alternative form of exercise. Thus, future studies in humans considering the use of exercise as a treatment for human smoking cessation, should explore the use of aerobic versus non-aerobic exercise with varying intensities in males and females.
